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Bb!cTpHuKnil 8.M. n np. PI - 11840 

PeaouaHcuan aaenCHMOCTb cKopoCTH o6paaoeaunn MeaoMorreKyn 
dd!' B raaoo6paauoM neilrepnn 

Ha MIOOHHOM ny'IKe cnuxpounKnoTpoEia 680 M38 Jla6oparopRH nnepHbiX 
npo6neM OH.Hl1 B onhiTax c raaoeoii nellrepKeeoil MHWeEibJO orrpeneneEia 
38BKCKMOCTb cKopoCTH o6paaoeaEIKH MeaoMoneKyn ddl'( Add ) or 3EieprnK 
(f dll) aroMa dl' B nnanaaoue 3Heprnil dl' -aTOMOB OT 0,015 uo 0,050 38 

( TeMneparypa ueilrepKH 120-380 K) .nony'leHHbie peaynbTBTbi noKa3biBBIOT cywe
creosaune npencKa3biBaeMoro Teopneil peaouaucuoro MexaunaMa o6paaoeaHHH 
nne npencKa3biBaeMoro reopKeH peaouaucnoro MexaunaMa o6paaoeaHHH 
MeaoMoneKyn ddl'· Ha auanKaa 3Kcnepi!MeuranbHbiX nauubiX uaiineuo 
nono>KeHKe peaouauca ·~I' = (0,050:t_0,003) 38 H auaqenRe Addl' B 
MBKCKMyMe KpKBOil A ddl' (tdl') = (0,85:t_0,11 )·JOn c-1. 3TO D03BOnKnO 
C BbiCOKOil TO'IHOCTbiO onpenem!Tb 3HeprHJO CBH3K ddl' -Monexynbi B CO
CTOHHKH C KBBHTOBbiMH 'IHCn8MH L=l , V=l, OTBeTCTBeHHOM 38 pe30HBHC; 
tddi'(L=l, V=l)= (-2,196:t_0,003) 38. 

Pa6ora Bhmonueua B Jla6oparopnn HuepHbiX npo6neM OH.HH. 

npenpHHT 06heAHHeHHOrO HHCTKTyT8 lUlepHblX HCCrreAOB8HHil. ily6H8 1978 

Bystritsky V.M. et al. PI - 11840 

Resonance Dependence of the Formation Rate of ddl' 
Mesic Molecules in Deuterium Gas 

The !onnation rate Add~! mesic molecules ddl' has been 
determined as a function of the energy of dl' atoms 'dl' between 
0.015 and 0,050 eV (deuterium temperature 120-380 K) in experi
ments with a deuterium gas target in the muon beam of the 
680 MeV Dubna synchrocyclotron. The results obtained prove the 
existence of the theoretically predicted resonance mechanism 
of ddl' -mesic molecule formation. As the analysis of experimental 
data shows, the resonance is located at '~1'=(0.050±_0.003) eV 
with a maximum value Addl'('dl') = (0.85±_0.11)· 106 s-1. This made 
it possible to determine with a high precision the bond energy 
of molecule ddl' in the quantum state with 'ddi'(L=l, V=l)= 

= (-2.196:!;0.003) eV. 
The investigation has been performed at the Laboratory 

of Nuclear Problems, JINR. 

Prcprint of the Joint lnsti tute for Nuclear Research. Dubna 1978 

llpouecc o6pa3oBaHHR MIOOHHbiX MoneKyn ddll HJy-

qancR B p.H.D;e 3KCnepHMeHTaJILHbiX/ 1- 4/ H TeopeTH"leC

KHX /S- 10 I pa6oT. llepBble H3MepeHHJI cKopocTH o6pa3oBa-

HHJI ,\ ddg Me 30MOJieKyn ddll 6biJIH BblllOJIHeHbl B Ollbl-

Tax/
1

,
2

/ C ~H,IJ;KHM ,l];eHTepHeM /ny3blpLKOBble KaMepbi/, 

B KOTOpbiX onpe.D;eJIRJICJI BbiXO,IJ; peaKUHH /la/ CHHTe3a 

B CHCTeMe ddll, 

ddll ..., t+P+IL 
3 He+n+IL· 

/I a/ 

/16/ 

B Hawax 3KcnepaMeHTax
131 

c .D;HclxtlYlHOHHOH KaMepou 6blna 

BnepBble 3aperHCTpHpOBaHa peaKUHJI /16/ H H3MepeHbl 

BbiXO,IJ;bl peaKUHH /1a/ H /16/, KOTOPbif
4
/Ka3anHCL npa

MepHO paBHbiMH ,11;pyr ,11;pyry. B onbiTax , BblnonHeHHbiX 

HaMH C ra30BOH MHWeHLIO, 3aDOJIH.HeMOH .D;eHTepHeM npH 

.D;aBneHHH 41 QIIIM, 6blnH H3MepeHbl BbiXO,IJ; H BpeMeHHOe 

pacnpe.D;en?fH~ HeHTPOHOB OT peaK:UHH /16/. PeJynLTaTLI 

H3MepeHHH 
1-4 

H Bbi"'HCneHHH/S-8/ BeJIH"'HHbl ,\ ddl! , 

BbiDOnHeHHble ,11;0 197 7 r., npHBe.D;eHbl B ma6A. J. 
KaK BH.D;HO H3 ma6AUI.#bl, 3Ha"leHHJI ,\ dd IL , nony"leHHble 

,IJ;JIJI ~H.D;Koro a ra3oo6pa3Horo .D;eiTepaB, pa3JIH'IaJOTC.B. 

npaMepHo Ha nopB.D;OK BeJIH"'HHbl. B TO ~e BpeMR 3Ha"leHHJI 

,\ddll, nony"leHHble .D;JIJI ra3oo6pa3Horo .D;eiTepaB, pe3-

KO He COrJiaCyiOTCJI C Bbi'IHCJieHHJIMH, OCHOBaHHbiMH Ha 

paCCMOTpeHHH 06bi'IHbiX MeXaHH3MOB o6pa30BaHHJI MIOOHHbiX 

MoneKyn nyTeM E1 a EO -nepexo~oB c OT.D;a"leH 3Hepraa 

CBJI3H 3neKTpOHY KOHBepCHH. ilpH 06'LJICHeHHH paCXO~,IJ;e

HHJI Me~.D;y 3KCnepHMeHTaJILHbiMH .D;aHHbiMH ,IJ;JIJI ~H,IJ;KOI"O 

3 



Ta6AUija 1 

3KcnepHMeHTanLHble H paC'IeTHble 3Ha'leHHJI CKOpOCTH 
o6pa3oBaHHJI Me3oMoneKyn ~eiiTepuJI, nonyqeuuLie ~o 
1977 ro~a 

A ddj.! X 10 6 ( c -1 ) 

0,076~0,015 

0,103~0,004 

0,75~0,11 

0,73~0,07 

0,04 t 
0,036 
0,042 

3Heprli5I 

d/1 -aTOMOB 

(88) 

3KcneplfMeHT 

0,0039 
0,0039 
0,032 
0,039 

Teoplf5I 

He 38BifCHT OT E dj1 

vi CTO'lHifK 

Jl8HHbiX 

/1 It )KifJlKif(I 

/2/ aetiTeplfi1 

/3/ ~ ra3oo6pa3-

141 S Hbrti aer1-

Tep!itl 

!51 
/6/ 
171 

pe30H8HCH85I 38BifCif~ I OCTb 

- 6 -1 
Ad$ MaKe.- 1 ,5 ·1 0 c np11 E d/1 :::0,02 88 /8/ 

H ra3oo6pa3Horo ~eH:TepHJI, a TaK~e Me~~Y 3KcnepaMeu
TOM H TeOpHeH HaMH 6blnO yKa3aHO /3/ Ha B03MO~HOCTL 
Cy~eCTBOBaHHJI pe30HaHCHOH 3aBHCHMOCTH CKOpOCTH o6-
pa30BaHHJI dd/1 - MOneKyn OT TeMnepaTypbl ~eHTepHJI HnH 

OT cpe~HeH 3HeprHH dJL ·aTOMOB, o6pa3yiO~HX 3TH MOne
KynLI. 

B 1967 r. 3.BecMaHoM 6Lin paccMoTpeu cneuultuqecKHH 
MexaHH3M pe3ouaucuoro o6pa3oBaHHJI dd11 -MoneKyn. B 
npe~no~euuoH: HM cxeMe 3HeprHJI, BLI~enJIIO~aJICJI npu o6-
pa3oBaHHH MoneKyn dd11, nepe~aeTCJI ua B036y~~euue 
KOne6aHHH CnO~HOH CHCTeMLI, COCTOJI~eH H3 MOneKynJip· 
uoro uoua ( ddJL)+. ~eH:Tpoua H 3neKTpouos. Cy~ecTseuuo, 
'ITO 3TOT MexaHH3M peanH3yeTCJI nuwL B TOM cnyqae, ecnH 
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CHCTeMa HMeeT COCTOJIHHe C ManoR 3HeprHeH CBJI3H f dd Jl.

-1 :JB, npH'IeM nono~euue MaKCHMyMa <i~YHKUHH Add/·f ddJL) 
o'leHL 'IYBCTBHTenLHO K 3Ha'leHHIO 3HeprHH 3Toro ypoBHJI. 

3.BecMaH, ~onycTHB cy~ecTsosauue B ddJL ypoBHJI 
C ManoR 3HeprHeH CBJI3H H Y'IHTbiBaJI TOnLKO pe30HaHCHbiH 
MexaHH~M,_ 1uawen, 'ITO MaKCHManLuoe 3Ha'leuue Add "" 
:=1 ,5·10 C ~OCTHraeTCJI llpH 3HeprHH dJL -aTOMOB f rd ;;; 
= 0,02 :JB. Cne~yeT 3aMeTHTL, 'ITO yKa3aHHJI o cy~eclf
BOBaHHH cna60CBJI3aHHOrO COCTOJIHHJI ddJL MOneKynLI Cop-
6HTanbHbiM MOMeHTOM L = 1 H KOne6aTenbHLIM KBaHTOBLIM 
'IHCnOM V = 1 6binO nony'leHO y~e B paHHHX TeopeTH'IeC
KHX pa6oTaxls/. llo3~uee cy~ecTsosauue 3Toro ypoBHJI 
6Lino no~Tsep~~euo pac'leTaMH 19 , 10 1, B KOT~PLIX nony
qeuo 3Ha'leuue • dd = -1,96 3B. B pa6oTe IO/ BLinon-
HeHLI 6onee T~iiTenbHbiC Bbi'IHCnCHHJI 3aBHCHMOCTH 

AdJ 11(• dJl), Kor~a uapJI~Y c pe3oHaHCHLIM MexauH3MOM 
Y'IHTLIBanucL TaK~e o6LI'IHLie MexaHH3MLI o6pa3oBaHHJI 

dd11 -MoneKyn 3a c'leT E1- u EO -nepexo~oB c KOHBep
cueH: 3neKTpouos MoneKynLI D 2 . Cornacuo pa6oTe /IO/ , 

B o6naCTH 3HeprHH d/1 -aTOMOB f . ~ 0,02 3B pe30· 
HaHCHLIH MCXaHH3M o6pa30BaHHJI aa~ -MoneKyn ~O~CH 
~OMHHHpOBaTL Ha~ Hepe30HaHCHbiMH, llpH 3TOM H3MCHCHHe 
3HeprHH d /1 ·aTOMa Ha HCCKOnbKO COTbiX ~oneH 3B ~O~HO 
npuso~HTL K 3Ha'IHTenLHOMY H3MeHeHHIO senH'IHHLI Add/1 

3KcnepuMeHTanLHaJI nposepKa npe~cKa3LIBaeMoro pe-
3ouaucuoro BH~a 3aBHCHMOCTH ,\dd 11<• d 

11 
) npe~cTaBnJieT 

6onbWOH HHTepec KaK ~nJI BLIJICHeHHJI MCXaHH3MOB MC30-
MOneKynJipHbiX npoueccos, TaK H ~nH nposepKH npeUH3HOH
HLix pac'leTOB 3HeprHH CBJI3H CHCTCMLI Tpex Ten. HCXO~JI 
H3 O~H~aeMoro BH~a 3TOH 3aBHCHMOCTH, MO~HO Ha~eJITbCJI 
onpe~enHTL nono~euue ee MaKCHMyMa, a cne~osaTenLHO, 
H 3HeprHIO ypoBHJI dd11 - MoneKynLI c TO'IHOCTLIO ·-10- 3 3B. 
HanoMHHM, 'ITO MacwTa6 3Hepruu yposueH: MIOaTOMHLIX 
CHCTCM onpe~enJICTCJI BenH'IHHOH 1/2m

11 
a 2 ~ 2,5 103 3B, 

a TO'IHOCTL COBpCMCHHbiX paC'ICTOB 3Ha'ICHHH 3HeprHH 
3THX YPOBHeH COCTaBnJieT- 0,1 3B. 

UenLIO uacTOJI~eH: pa6oTLI JIBnHeTcJI H3Mepeuue senu
'IHHLI A dd/1 B ~uana3oue 3HepruH: d/1 -aTOMOB • d = 
= 0,015- 0,050 3B, 'ITO COOTBeTCTByeT HHTepsany 'i-eM
nepaTyp 120-400K. 3KcnepHMCHT BLillOnHeH Ha MIOOHHOM 
ny'IKe 680 M3B cuuxpoUHKnoTpoua OHJIH. llpe~sapuTenL-
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Hble pe3yJILTaTbi ony6JIH.KOBaHbl B Tpy.I(aX CHMll03HyMa 

"Me30Hbl B Be~eCTBe" I,D;y6ua, HlOHb 19771/II/. 

Me TO):( onpe.I(eneHHJI BeJIH'IHHbi ,\ dd ll auanorH'IeH He-

noJIL3oBaHHOMY HaMH pauee I 41 H 3a.KmoqaeTcJI B H3MepeHHH 

BbiXO,I(a H BpeMeHHOro pacnpe,I(eJieHHJI HeiiTpOHOB OT pea.K

IUIH 1161. CxeMa ycTaHOB.KH no.Ka3aHa ua puc. 1. lly'lo.K 

MIOOHOB C HMllYJILCOM P=130 M3B/c BbiBO,I(HJICJI Me30HHLIM 

Tpa.KTOM B HH3.KOcllOHOBYIO Jia6opaTOpHIO, r,I(e pacnonara

JiaCb 3.KcnepHMeHTaJILHaJI annapaTypa. Mroouw perHcTpH

poBaJIHCL CUHHTHJIJIJIUHOHHbiMH C'leT'IH.KaMH 1 - 3, TOpMO-

3HJIHCb B cllHJibTpe H3 Me,I(H 161 H llOlla,I(aJIH B ra30BYIO .I(e:ii

TepHeByiO MHWeHL. KOHCTPY.KUHJI MHWeHH OllHCaHa HaMH 

B pa6oTaX/l
2
,l

3
/. PerHCTpaUHJI OCTaHOBO.K MIOOHOB B ra3e 

ocymecTBJIJIJiaCb C llOMO~LIO pacnOJIO)I(eHHbiX BHYTPH MH

WeHH CUHHTHJIJIJITOpOB, O,I(HH H3 .KOTOpbiX 6biJI BblllOJIHeH 

B BH,I(e ,I(HC.Ka ,I(HaMeTpOM 110 MM H TOJI~HOH 0,3 MM 

I C'leT'IH.K 41, a .I(pyro:ii - B BH.I(e cTa.KaHa c pa3MepaMH 

,0 120x205 MW H TOJI~HHO:ii cTeHo.K 5 MM lc'leT'IH.K 51. 
"··~-- -.. . . .. 
:· 
" •• 
"' 

---

2 In 2n 

Puc. 1. CxeMa 3KcnepuMeHmaAbHou ycmaHoeKu. 1-5, ln _ 5n
CijUHIIIU/l/lJiijUOHHble Ctteiii'IUKU, 6 - 3QMeO/lU111e/lb, 7 - nO/lble 
ceeiiiOBOObl, 8 - CBeiiiOBOObl. 
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HcUOJIL30BaHHe ,I(JIJI perHCTpaUHH OCTaHOBO.K MIOOHOB 

B ra30BOH MHWeHH CUHHTHJIJIJITOpOB H3 CsJ('fl) CBJI3aHO 

C onpe,I(eJieHHbiMH npeHM~eCTBaMH/12, 13/. 3TH npeHMy

~eCTBa o6yCJIOBJieHbl, BO-nepBbiX, MaJibiM BpeMeHeM )I(H3HH 

MIOOHOB B HO.I(HcToM ue3HH I r = 0,09 MKcl, 'ITo no3Bo

JIJieT ,I(HC.KpHMHHHpOBaTb clloH gT OCTaHOBO.K MIOOHOB B ca

MOM CUHHTHJIJIJITOpe H, BO-BTOpbiX, MaJILIM ,I(aBJieHHeM ero 

HaCbi~eHHbiX napoB, 'ITO o6ecne'IHBaeT BbiCO.KYIO CTeneHL 

'IHCTOTbl ,I(e:iiTepHJI. 0.I(Ha.KO CBOHCTBa 3TOrO CUHHTHJIJIJITO

_pa I.KOHBepCHOHHaJI 3cll4le.KTHBHOCTL H BpeMJI BbiCBe'IHBa

HHJII 3aBHCJIT OT TeMnepaTypbl. llo HaWHM ,I(aHHbiM, CBe

TOBbiXO,I( CUHHTHJIJIJITOpa CsJ('fl) yMeHLWaeTCJI npH

MepHO Ha llOpJI.I(O.K BeJIH'IHHbl ~pH H3MeHeHHH TeMnepaTy

pLI Ha ±120 ° OTHOCHTeJILHO t~ = 20 ° C. B YCJIOBHJIX Ha

CTOJI~ero 3.KCUepHMeHTa CHJILHOe H3MeHeHHe CBeTOBbiXO,I(a 

CUHHTHJIJIJITOpOB C'leT'IH.KOB 4 H 5 npH HH3.KHX TeMnepa

Typax npHBeJIO 6bl .K 3Ha'IHTeJILHOMY yMeHLWeHHlO 3cllclle.K

THBHOCTH perHCTpaUHH OCTaHOBO.K MIOOHOB H .K B03pacTa

HHIO 'IHCJia clloHOBbiX OCTaHOBO.K. 

CUHHTHJIJIJIUHOHHble CBOHCTBa UJiaCTH'IeC.KOrO CUHHTHJI

JIJITOpa He H3MeHJIIOTCJI npH ero OXJia)I(,I(eHHH, O.I(Ha.KO 3TOT 

CUHHTBJIJIJITOp O.Ka3aJIOCb B03MO)I(Hb1M HCllOJlb30BaTL JIHWL 

npH TeMnepaTypax HH)I(e -20°C H3-3a 6blcTporo pocTa 

,I(aBJieHHJI ero HaCbl~eHHbiX napOB npH yBeJIH'IeHHH TeMne

paTypbl. llo3TOMY HCCJie,I(yeMbiH TeMnepaTypHbiH ,I(Hana30H 

6biJI pa36HT HaMH Ha .I(Ba nepe.KpbiBaiO~XCJI HHTepBaJia: 

B o6JiaCTH OT -160° ):(0 -20° C HCllOJib30BaJICJI UJiaCTH'IeC.KHH 

CUHHTHJIJIJITOp lonbiT 11, B 06JiaCTH OT -60° ):(0 +110° C 
6b1JI npHMeHeH CUHHTHJIJIJITOp 83 CsJ (Tl) lonbiT 21. 

B OllbiTax HCllOJIL30BaJICJI ,I(e:iiTepH:ii, O'IH~eHHbiH OT 

npHMece:ii c z > 1 .I(O ypoBHJI 10-7 aToMHLIX .IJ.one:ii. 

CHCTeMbi O'IHCT.KB H 3allOJIHeHHJI MHWeHH ,I(e:iiTepHeM OnH

CaHbi B pa6oTaxl 1 2, 141 . Oxna)I(,I(eHHe MHWeHH ocy~ecTBJIJI
nocL napaMH )I(B.I(.Koro a3oTa, .KOTopwe nponyc.KaJIHCL qepe3 

3MeeBH.K, 3a.Kpenneuuw:ii ua ee .Kopnyce. CTeneuL oxna)I(

.I(eHHJI perynHpOBaJiaCb C.KOpOCTbiO npo.I(yBa XOJIO,I(HOrO a3o

Ta. HarpeBaHHe MHWeHH npoBO.I(HJiocL c noMo~LIO HHxpo

MOBo:ii CllHpaJIH. TeMnepaTypa MHWeHH H3MepJIJiaCb .I(BYMJI 

TepMonapaMB, a Ta.K)I(e .KOHTpOJIHpOBaJiaCL llO BeJIH'IHHe 

,I(aBJieHHJI ra3a B MHWeHH. 
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Boxpyr MHWeHH pacnonaranHCb DJITb CUHHTHnnJIUHOHHbiX 
AeTeKTOpOB ( ln - 5n) C KpHCTannaMH CTHnb6eHa(570x30 MM 2• 

3TH AeTeKTOpbl perucTpuposanu ueii:TpOHbl c 3Heprueii 
2,5 M3B, o6pa3yJOll{HecJI B peaxuuu 1161, u 3neKTpoHbl 
OT pacnaAa MIOOHOB, OCTaHaBnHBaiOll{HXCJI B MHWeHH. Cue
TeMa perucTpauuu ueii:Tpouos onucaua B pa6oTax /13,15/. 

j 

4 

.5 

( • L/ I I cmapml,l [[ 

In 

i: 
4n 
5n 

Puc. 2. liAoK- cxe.wa 3AeK111POHHoil AOZUKU. BO - 6AoK 
6biOeAeHU.JI OC1fiQH060K, P - pa36e1116U111eAb, 4> - rjop.wupo
BatfleAb, li - 6AOKUP06Ka 3anycKa, JICII - AUHeilHa.JI cxe.wa 
nponycKaHu.JI, BK - 6AoK BbiOeAeHU.JI · KOMnoHeHm, T- K -
npeo6pa3oeameAu epe.w.JI- KOO, A- K - npeo6pa3oeameAu 
a.wnAumyoa- Koo. 
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linoK-cxeMa 3neKTpouuoii norHKH npuse~eua ua puc. 2. 
CurHan OCTaHOBKH MIOOHa 1234!;1 3aDyCKan BpeMeHHble 
"sopoTa" AnHTenbHOCTbiO 10 MKC, B Te\feHHe KOTOpbiX 
auanu3uposanucb curuanbl oT clfeT'IHKOB 1,5, ln- 5n. Cno
MOll{biO npeo6pa3oBaTeneii speMJI- KOA IT-Kl H3MepJlnocb 
BpeMJI DOJIBneHHJI CHrHanOB OT yKa3aHHblX AeTeKTOpOB 
OTHOCHTenbHO MOMeHTa OCTaHOBKH MIOOHa. )l;nJI pa3AeneHHJI 
HeHTpOHOB H 3neKTpOHOB HCDOnb30BanHCb 6nOK BbiAeneHHJI 
KoMnoueHT I BKI u aMnnHTYAHble KOAHPOBll{HKH I A- Kl. 
B 6noKe BK Bblpa6aTbiBanucb ABa HMnynLca. AMnnuTyAa 
OAHoro H3 uux 6blna nponopuuouanLHa nonuoii nnoll{aAH 
cseTosoro curuana B CTHnL6eue l3uepruu 3neKTpoua E I, 
a Apyroro - "6biCTpoii:" KOMDOHeHTe liK CBeTOBOrO cur
uana. 

llpeo6pa3oBaHHaJI B uuciJposoii KOA aMnnHTYAHo-speMeu
uaJI uuciJopMaUHJI o co6biTHH u coAeP*HMOe perucTpa no
ruqecKux npH3HaKoB nepeAaBanucb B 3BM HP-21!6. llepuo
AH'IeCKH B 3BM nepeAaBanHCb CKOpOCTH ClfeTa MOHHTOpa 
1231, OCTaHOBOK I234SI H CKOpOCTH ClfeTa HeHTpOHHbiX 
AeTeKTOpOB. 

)l;nJI o6pa60TKH OT6HpanHCb TOnbKO Te C06biTHJI, KOTO
pbie He 6blnH CBJI3aHbl C perHCTpauueii: C\feT'IHKOM 1 BTO
poro MIOOHa B Te\feHHe 5 MKC AO H 10 MKC DOCne OCTa
HOBKH MIOOHa. Pa3AeneHHe HeHTpOHOB H 3neKTpOHOB npo
BOAHnOCb nyTeM COBMeCTHOro auanH3a aMnnHTYA E H 
liK/15/. Ha ABYXMepuoM pacnpeAeneuuu I.6K, E I 3neKT
poHHble u ueii:TpOHHbie co6biTHJI pacnonaraJOTCJI B ABYX 
uenepeKpbiBaiOIUHXCJI o6nacTJIX. Co6b1THJI, o6ycnosneHHble 
perHCTpauueii: MOH03HepreTH'IeCKHX Heii:TpOHOB OT peaK
UHH 1161, AOll*Hbl npoeKTHpOBaTbCJI Ha OCb E B BHAe 
xapaKTepuoro cTyneH'IaToro cneKTpa c rpauuueii::e 0,6 M3B 
Ia MaCWTa6e 3KBHBaneHTHOH no CBeTOBbiXOAY 3Hepruu 
3neKTpoual. Ha puc. 3 AnJI unnJOcTpauuu npuBeAeHo ABYX
Mepuoe pacnpeAeneuue I.6K, E I co6biTHii, 3aperucTpu
posaHHbiX OAHHM H3 HeHTpOHHbiX AeTeKTOpOB npu T = 180K. 

OcuoBHble AaHHble, xapaKTepu3yJOIUHe 3KCD03HUHH c 
AeiiTepHeM B ODblTaX 1 H 2, npuBeAeHbl B ma6A. 2. B Ka*AOM 
ODbiTe H3MepeHHJI DpOBOAHnHCb C OAHHM H TeM *e KOnH
\feCTBOM AeiiTepH.II, 3a HCKniO'IeHHeM nocneAHeH 3KCD03H
IUIH onbiTa 2 IT= 213 Kl, B KOTopoii Aasneuue ra3a 6blno 
ysenuqeuo c 33,5 AO 48,5 a•.w AnJI ysenuqeuu.11 cxopocTu 
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Ha6opa co6WTHB. B Ka~~ou 3Kcno3HUHH TeMnepaTypa MH
weHH coxpaHsnacL nocTOSHHOB c ToqHoCTLID He xy~e 5° . 

IIpHae~eHHwe a ma6A. 2 qHcna 3neKTPOHOB (Ne) H HeiiT
poHoa ( N n ) nonyqeHw H3 aHanHJa ~ayxMepHwx pacnpe
~eneHHB /.6K, E I . .D;ns no~aaneHHS 3neKTpouoa npH oT6ope 
HeBTpOHOB BBO~HnOCL Tpe6oBaHHe OTCYTCTBHS CHrHana OT 
cqeTqHKa 5 B COBlla~eHHH C CHrHanOM OT HeBTpOHHOrO 
~eTeKTOpa B TeqeHHe 0,1 MKC B OllWTe 1 H 0,5 MKC

a onLITe 2. HcnonLJoaauHe 3Toro KpHTepHs npHBO~Hno 

K HeKOTOpOB llOTepe /He 6onee 25~/ 3~eKTHBHOCTH pe
rHCTpaUHH HeHTpOHOB OT HCCne~yeMOH peaKUHH, qTo yqH
TLIBanOCL B nocne~yiDIUeH o6pa60TKe. Heii:TpOHLI OT6Hpa
nHCL a ~HanaJOHe 3ueprHH oT 0,3 ~o 1,0 M3B /a 3KBHBa
neHTHOH 3HeprHH 3neKTpOHa/, a 3neKTpOHLI - ~ng 3HeprHH 
E 2: 0,3 M3B. 

3HaqeHHs Ne H Nn npHae~euw Ja aLiqeToM «t>oua, 
BKna~ KOTOporo 6Lin HaH~eH B cneuHanLHLIX H3MepeHHSX. 
B onLITe 1 «t>oH 3neKTpoHoa 6wn o6ycnoaneH rnaBHLIM o6-
pa3oM pacna~OM MIDOHOB, OCTaHaBnHBaiOIUHXCS B nnaCTH· 
qecKOM CUHHTHnnsTope cqeTqHKa 4 /apeMS :>KH3HH MIDOHOB 
B ero BeiUeCTBe COCTaanseT 2 MKC/. 0THOCHTenLHLIH 
BKna~ 3TOrO HCTOqHHKa $oua, Haii~eHHWH B 3KCD03HUHH 
C BaKyyMHpOBaHHOH MHWeHLID, OKaJancg paBHWM 0,23±0,01. 

B OllLITe 2 $oH, CBS3aHHLIH C OCTaHOBKaMH MIDOHOB B 
CUHHTHnnsTope cqeTqHKa 4 /HO~HCTLIB Ue3HB/, y~anOCL 
llO~aBHTL npaKTHqeCKH nonHOCTLID npH BBe~eHHH KpHTepHS 
t 2: 0,5 MKC, r~e t - BpeMS perHCTpaUHH C06LITHS OTHO
CHTenLHO MOMeHTa OCTaHOBKH MIDOHa. IIpH HCDOnL30Ba
HHH 3TOrO KpHTepHS $OH B qHcne 3neKTpOHOB 6wn o6yc
noaneH nHWL cnyqaaHLIMH coana~euHSMH H ero BKna~ coc
Taansn:::::: 5~. 

~OH ~ng HeBTpOHOB Ollpe~ensncg B 3KCll03HUHSX C re
nHeM, KOnHqeCTBO KOTOpOrO B MHWeHH 6LinO 3KBHBaneHT" 
HO DO qHcny OCTaHOBOK MIOOHOB KOnHqecTBy ~eHTepHS 

B OCHOBHWX 3KCll03HUHSX. B OOLITe 1 H3MepeHHS C renHeM 
6LinH BLinonHeHLI npH T = 250, 190 H 120 K, a a onLITe 2 -
npH 210, 300 H 380 K. ~oH ~ns HeiiTpoHOB cocTaansn 
=::10~ ~ns T = 250 KH =::30~ ~ns T = 120 K. 

B ma6A. 2 norpeWHOCTH aenHqHH Ne H Nn BKniOqaiOT 
KaK CTaTHCTHqeCKHe OWH6KH, TaK H norpeWHOCTH, B03" 
HHKaiOIUHe npH paJ~eneHHH Heii:TpOHOB H 3neKTpOHOB H CO-

12 

cTaansiOIUHe MeHee 3~ ~ns ueaTpOHOB H sansawuecs npe
ue6pe:>KHMO ManLIMH ~ng 3neKTpOHOB. 

.D;ns Ka~~oii: 3Kcno3HUHH c ~euTepueM apeMeHHLie pac
npe~eneuus HeHTPOHOB aHanH3HpOBanHCL C llOMOIULID BLI
pa:>KeHHS 

~-~ = N
11

fn 
dt 

~-dci.Y <PAL ___ [ e-Ao t - e -(Ao +A dd11 ¢ + Ar) t], 
2(Addll ¢ + Ar) 

/2/ 

nonyqeuuoro c yqeTOM pereHepauau MIOOHOB a peaKuusx 
/la/ H /16/. 3~eCL N/1 - qacno OCTaHOBOK MIDOHOB B ~eH
TepHH, fn - 34>«l>eKTHBHOCTL perHCTpaUHH HeHTpOHOB OT 

peaKUHH /16/, ¢ = p ra/ p lK , r~e pr33 , plK - nnoTHOCTH 
raJoo6pa3uoro H :>KH~Koro ~eii:Tepus, A 1 - cKopocTL peaK
UHH /1/ CHHTe3a g~ep B dd !1 -MoneKyne,A 0 =4,55•10 S c-l -

cKopocTL pacna~a cao6o~uoro MIDOHa. 113 auanHJa ape-

MeHHLIX pacnpe~eneuuii: ueii:Tpouoa nonyqaeM /Ha 900/o 
YPOBHe ~OCTOBepHOCTH/ 

Ar :- 9Ao • /3/ 

qTo cornacyeTcs c Teopaeu /H>/a uawHMH npe:>KHHMH HJ
MepeHHSMH 1

• BpeMeHHOH cneKTP ue8TpOHOB, npocyMMH
poaaHHLIH no BCeM 3KCll03HUHSM, npe~CTaBneu Ha puc. 4. 

HuTerpapys BLipa~euae /2/ B npe~enax (t 1 , t 2 ) ~ns 
JuaqeHHH Ar >~, A0 , nonyqHM 

A ¢ -A t I -A t I I N 0 N < -- d d IL - - ( e o - e o 2 ) 4 
n 11n 2/\ · 

0 
3aMeTHM, qTo JaMeua Af = ""Ha nonyqeHuyro HaMH HH~HIDIO 
rpauHquyro OUeHKY /3/ llpHBO~HT K He 3HaqHTenLHOMY /He 
6onee 1~/ H3MeHeHHIO aenaquuLI N

11
, onpe~enseMOH BLI· 

pa:>KeuueM I 4/. 
BpeMeHuoe pacnpe~eneuae 3neKTPOHOB oT pacna~a MIOo

HoB, OCTaHOBHBWHXCS B ~eHTepHH, HMeeT BH~ 

dN __ L_ 

dt 

-A t 
N f A0 e 

0 

11 e 
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Puc. 4. BpeMeHHoe pacnpec)eAeHue HeillllpoHoe 0111 peaKliUU 
/16/, npocyMMUpoeaHHoe no eceM 3Kcno3UliUJIM c c)eilllle
pueM. Tot~Ku - 3KcnepuMeHmaAbHble c)aHHbJe, KpueaJI - 3a
eucuMocn /4/. 

OTKYAa qHcno 3neKTPOHOB, 3aperHcTpHposaHH~x AeTeKTo-

paMH ln - 5n B HHTepsane speMeHH ( t 
1

, t 
2 

), 

Ne 
N ( ( e _,\o t1 - e -,\o t2 ) 

p. e ' 
/5/ 

/3AeCb f - 3~eKTHBHOCTb perHCTpaUHH 3neKTpOHOB 

cqeTqHKa~H ln- 5n /. Hcnonb3YJI B~pa)l(eHHJI /4/ H /5/, 
MO)I(HO UOKa3aTb, qyo CKOpOCTb ,\ dd p. B~pa)l(aeTCJI qepe3 

OTHOWeHHJI Nn /Ne , H3MepeHH~e npH pa3nHqH~X TeM

nepaTypax cneAYIOJUHM o6pa3oM: 

A(T) = ~~ ~_!!_- (T) -~- = const _Nn (T). /6/ 
ddp. ¢ N ( N 

e n e 
OTMeTHM, qyo HOPMHposKa Ha qHcno 3neKTpoHoB, 3ape-

rHcTpHposaHH~x TeMH )l(e AeTeKTOpaMH, qyo H HeHTpOH~ 

OT HCCneAyeMOH peaKUHH /16/, npHBOAHT K onpeAeneHH~M 
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npeHMYJUeCTBaM. B qacTHOCTH, H3MeHeHHe xapaKTepHCTHK 

cqeTqHKOB 4 H 5 C TeMnepaTypoi AOIDKHO OAHHaKOB~M 
o6pa30M BnHJITb Ha Ha6niOAaeM~e B~XOA~ HeHTpOHOB H 

3neKTpOHOB, He H3MeHJIJI HX OTHOWeHHJI. 

IIonyqeHH~e HaMH 3HaqeHHJI Add P. (T) npeAcTasneH~ 
Ha puc. 5. IlpH onpeAeneHHH 3THX 3HaqeHHH 6~nH yqTeH~ 
HeKoTop~e pa3nHqHJI I< 50/o/ B 3~eKTHBHOCTJIX perHcTpa

UHH HeHTpOHOB OT peaKUHH /16/ npH pa3HhiX TeMnepaTypax, 

B03HHKaiOJUHe npH BBeAeHHH aHTHCOBUaAeHHH CO cqeyqHKOM 

5 H CBJI3aHHhle C H3MeHeHHeM ero xapaKTepHCTHK UpH 

AddJJ(106c-1J 0.02 

0.8 

0.6 

0.4 

0.2 

0 

djJ ATOMA, 38 
0.00 

6 

a 

300. 400 500 
TEMnEPAT':iPA, T ( K) 

600 

Puc. 5. 3aeucuMocmb eeAU'IUHbl A ddp. om 3Hepzuu dp. -
a111oMoe /111eMnepa111yp") j>eilmepuJI/. 3Kcnepuf!,H111aAbHble 
c)aHH~e · • - pa6oma 1 , o - 3KcnepuMeHm 2 , ~ - pa-
6oma 31 , o - 3KcnepuMeHIII I 41, • - HaciiiOJifllaJI pa6oma. 
CnAoWHJ>Je

1 
AUHuu - 3aeucuMocmu, ebi'IUCAeHHble cozAacHo 

pa6ollle/10 c onllluMaAbHbiMU 3Hat~eHUJIMU napaMempoe, npu
eec)eHHbiMU 6 llla6A. 3. KpueaJI a/ COOIII6e1/ICIII6Ye111 IIIOAbKO 
pe30HQHCHOMY MeXaHU3MY o6pa306QHUJI ddp. , KPU6QJI 6/
cyMMe pe3oHaHcHozo MexaHU3Ma u Hepe3oHaHCHbiX El-, 
EO-nepexoc)oe /3aeucUMOCIIIb /7//. 
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HarpeBe H oxna:>K,IJ;eHHH. Ha 3TOM :>Ke 

JieHbl 3KCnepHMeHTaJILHble 3HaqeHHJI 

B pa6oTax1 1-4/. 

N 

pHCyHKe npe,D;CTaB· 

Add~· HaA,IJ;eHHble 

HaA,IJ;eHHble H3 onbiTa 3HaqeHHR --~(T) annpoKCHMHpo-

BaJIHCL Bblpa:>KeHHeM Ne 

(NniNe)k = AAdd~ (Tk), 

r ,IJ;e, cor nacHo pa6oTe I IO I, 

Add~(T) =AI+ A2T + .\ 3 T.a 12 exp(-t~~lkT). / 7
/ 

3,IJ;ecL T - a6coJIIDTHaR TeMnepaTypa K 
= 8,6167.10-

5 3B· zpao-1 - nocToRHHas lionL~MaHa, cna

raeMble \ H A 
2 

T o6ycnoBJieHbl BKJia,IJ;OM HepeJoHaHc

HbiX E1-, EO·nepexo,IJ;oB B cKopocTL o6paJoBaHHR cHcTe

Mbl d~, a nocne,IJ;Hee cnaraeMoe - BKJia,IJ;oM peJOHaHc

Horo MeXaHH3Ma, r,IJ;e f ~~ • 3HaqeHHe KHHeTHqecKOH 

3HeprHH d/1 aTOMa, npH KOTOpOM MaKCHMaJILHO Add .. IlpH 

aHaJIHJe BapLHPOBaJIHCL JHaqeHHR napaMeTpoB A, A ~ ~ A a 

llOJIO:>KeHHe MaKCHMyMa f ~ ~ · pe 30HaHCHOA 3aBHC1HMO~TH 
Add~ (T) · 3HaqeHHJI HOpMHPOBOqHoro MHO)I(HTeJIJI A = 

¢ t 
~-~~ _n~ ,IJ;JIJI Ka)I(,IJ;Oro OllbiTa BapLHpOBaJIHCL OT ,IJ;eJIL • 

2AO t e 

HO, llOCKOJILKY 3~eKTHBHOCTH perHCTpa~HH HeHTpOHOB H 

3JieKTpOHOB B OllbiTaX 1 H 2 6LIJIH pa3JIHqHbiMH. )l.JIR a6co • 

JIWTHOA HOpMHpOBKH B aHaJIH3 6biJIH BKJiroqeHbl 3HaqeHHJI 

Add~ HJMepeHHble B pa6oTax1I-4/. 
0 

OnTHMaJILHble JHaqeHHR napaMeTpoB A, A
1 
~-\, "d~ 

llpHBe,IJ;eHbl B 111a6A. 3. IlOCKOJILKY BeJIHqHHa A2 onpe,D;eJIJI· 

eTCJI C 60JILWOA OWH6KoA, 6b1JI BblllOJIHeH pacqeT C 4JHKCH· 

poBaHHbiM JHaqeHHeM A
2 

= 0,30.10-3 zpao-l . c-1, nony

qeHHbiM TeopeTHqecKH B pa60Te 171. )l.aHHble 1/la6A. 3 CBH· 

,IJ;eTeJILCTBYIDT 0 TOM, qTo B 3TOM CJiyqae llOJIO)I(eHHe MaK· 

CHMyMa pe30HaHCHOA 3aBHCHMOCTH H3MeHJieTCJI He3HaqH· 

TeJILHO. 

B npoBe,IJ;eHHOM HaMH aHaJIHJe nonaranocL, qTo Ko34>· 

4JH~HeHT YJ/1 "npHJIHnaHHR" MIDOHa K 3apR:>KeHHbiM npo,D;yK· 

TaM peaKU:HA /1a/ H /16/ paBeH HyJIW, T.e. qTo MIDOHbl 

BCer,IJ;a OCB060:>K,IJ;aiDTCJI B 3THX peaK~HJIX H BHOBL o6pa3yiDT 
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Ta6Aut~a 3 

On_:aMaJILHble 3HaqeHHR napaMeTpoB JaBHCHMOCTH Add~ (T), 
HaH,IJ;eHHble H3 aHaJIH3a 3KCllepHMeHTaJILHbiX ,IJ;aHHbiX 

3Haqemw 
BCJmq;ma 

Bnp::aHT I Baparun 2 

A, ro8 c 
om:T I 2,82.:t0,26 2,80±0,26 

omn 2 I, 5-1 ,:tO, I3 I,47.:tO,I2 

\. ro-6 -I /) I• · c O,I22,:t0,0I6 o,osso.±o.~urr 

).. 2' ro~3 l,p~~;cr.c-r -0,?39.:.t0,t.74 0,30 
·---~----

.>. 3• IC-~0 l'po;t3/2.c-I 2,95~±0,447 2,20C::tC,Z79 

·(). 

~(JjW :)B 0, 0!;89.±0, COI9 0 050+0 C03 ' -' 

d~ ·aTOMbl. JlerKO llOKa3aTL, qTo 3aMeHa 3HaqeHHJI YJ = 
= 0 Ha MaKCHMaJILHO B03MO)I(HOe 3HaqeHHe YJ = 0,1'31 31 
npaKTH'ieCKH He MeHReT HaH,IJ;eHHbiX HaMH 3Ha'leHHH Add (T). 

3aBHCHMOCTL /7/ llpH 3Ha'ieHHJIX napaMeTpOB, np~Be· 
,IJ;eHHbiX B ma6A. 3 /BapaaHT 2/, noKaJaHa Ha puc. 5. KaK 

BH,IJ;HO H3 3Toro pacyHKa, Hawa pelyJILTaTbl xopowo corna

cyroTCR C npe,IJ;CKaJaHHJIMH, OCHOBaHHbiMH Ha paCCMOTpeHHH 

peJOHaHCHOrO MexaHH3Ma o6pa3oBaHHJI dd~ "MOJieKyJI, H 

no,IJ;TBep:>K,D;aroT ero cy~ecTBOBaHae. CpaBHeHHe HaH,IJ;eHHbiX 

H~MH 3Ha'ieHHH E~~ = /0,050±0,003/ 3B H Aoddfl 

= Add/1 (f 
0
ct 11 ) = /0~85±0,11/ 10 li c -I c pac'ieTaMH 1101 no-

3BOJIReT C BbiCOKOH TO'IHOCTLID onpe,IJ;eJIHTL 3HeprHID CBJI3H 

dd~ - MOJieKyJibl B COCTOJIHHH C Lc1 , V~cl. IlonyqeHHoe 

3Ha'ieHHe c; ld = /·2,196±0,003/ 3B OTJIHqaeTCJI OT Bbl" 

'IHCJieHHOrO 'B/1 pa6oTellOI Ha 0,24 3B, qTo HaXO,IJ;HTCJI B 

npe,D;eJiaX TO'IHOCTH BblqHcJieHHA. DbiJIO 6bl KpaAHe Ba:>KHO 

BblnOJIHHTL pacqeTbl 3HeprHH yKaJaHHoro ypoBHR c 6onee 

BbiCOKOA TOqHOCTLID, 'ITO ll03BOJIHJIO 6bl onpe,IJ;eJIHTL BKJia,IJ; 

B 3HeprHro ypOBHJI, ?6ycJIOBJieHHbiH llOJIRpH3a~HeA BaKyyMa. 

Ilo ,IJ;aHHbiM pa60Tbl 
17

/ 3TOT BKJia,IJ; ,IJ;JIJI ypOBHJI dd~ CHC • 

TeMbl c L= 1, V= 1 cocTaBJIReT +0,008 3B. 
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B 3aKJIIO'leHHe CJie,IJ,yeT OTMeTHTb e~e O,IJ,HO Ba)KHOe 

o6cTOJITeJibCTBO. Cornacuo pac'leTaM, BbiDOJIHeHHbiM B pa-

6oTel101, B CBCTeMe dt/l, TaK )Ke KaK B B dd/l ·MOJieKyJie, 

.IJ.OJI)KeH cy~ecTBOBaTb yposeHb c KBaHTOBbiMB qucnaMu 

L=l,.V=l, u ,IJ,JIJI ero 3Hepruu nonyqeuo 3Ha'leuue fdtll 
= -1,1 3B. Cy~ecTBosauue 3Toro ypoBHJI ,IJ,OJI)KHO n~BBO.IJ.BTb 

K pe30HaHCHOMy o6pa30BaHBIO Me30MOJieKyJI dt/l 10 • 18/. 

Cornacue nony'leHHbiX B uacToJJ.~eH pa6oTe onbiTHbiX pe

lYJibTaToB 0 pe30HaHCHOM xapaKTepe o6pa30BaHBJI dd/l -
MOJieKyJI C BbiBO,IJ,aMB TeOpBB MO)KeT paCCMaTpBBaTbCJI B 

Ka'leCTBe cepbe3Horo 3KcnepuMeHTaJibHoro apryMeHTa B 

llOJiblY npaBBJibHOCTH npe,IJ,CKa3aHBH TeopeTBKOB 0 cy~ecT

BOBaHBB TaKoro )Ke MexaHH3Ma 06pa30BaHBJI CBCTeMbl 

dt/l B CMecu ,IJ,eHTepBJI B TpBTHJI. BecbMa cy~eCTBeHHO 

npH 3TOM TO, 'ITO, KaK llOKa3b1BaiOT pac'leTbl /10/ CKOpOCTb 

o6pa30BaHBJI MOJieKyJI dt!l ,IJ,OJI)I{Ha 6b1Tb npHMe'pHO B CTO 

pal 60JibWe, 'leM ddfl, H TaKBM o6pa30M O,IJ,BH MIOOH 

3a BpeMJI )KB3HH CMO)KeT Bbi3BaTb ,IJ,O CTa peaKnBH CHHTela 

d + t-.... 4 He+ n I c y'leToM ManocTH Ko34>tt>unueuTa "npu

nunaHHJI"W ·Me30Ha K o6pa30BaBWeMyCJI 4He /, OCB060)K· 

,IJ,aJI npu 3TOM 3Hepruro oKono 2 F3B. 

ABTOpbl Bblpa)KaiOT 6Jiaro,D,apHOCTb C.C.repmTeHHY 

u ll.H.llouoMapesy 3a nno,IJ,OTBopuble .D.BCKyccuu, B.B.Au

Tunosy 3a noMO~b a no,IJ,rOTOBKe 3KcnepuMeHTa u 3.llle

pewy - 3a llOMO~b B o6pa60TKe 3KCnepHMeHTaJibHbiX ,IJ,aH

HbiX. 
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